Background: Knee braces are prescribed by physicians to protect the knee from various loading conditions during sports or after surgery, even though the effect of bracing for various loading scenarios remains unclear.
During sport activities, the knee joint is highly stressed and thus at a particular risk of injuries. Sports with rapid cutting and player-to-player contact, as in American football, soccer, handball, squash, or skiing, have an especially high incidence of knee injuries. 26, 27 The mechanisms behind the injury have been investigated by numerous studies, such that a typical injury pattern can be identified: a knee angle close to full extension combined with a valgus and tibial rotation moment. 1, [23] [24] [25] 30, 39 During such combined loads, the tibia slides in the frontal plane and rotates internally or externally relative to the femur, which may cause an anterior cruciate ligament (ACL) rupture, one of the most frequent knee injuries during sports. 20, 35, 38, 42 To guard the knee joint against excessive loads during sports, protective knee braces (PKBs) have been developed by various manufacturers. They consist of 2 rigid frames that are strapped around the thigh and shank, respectively, and that are usually connected via a polycentric hinge. This construction is designed to absorb stress affecting the knee joint while allowing the athlete full range of motion during sports. A study by Boden et al 8 reported that 28% of ACL injuries are induced by player-to-player contact, whereas 72% occurred without such interaction. Therefore, it is unsurprising that athletes wear PKBs in various sports, particularly contact sports such as American football. 15, 34 Numerous in vitro and survey studies on the effectiveness of (prophylactic) bracing have been performed. In vitro studies using human specimens by Paulos et al 32 and Erickson et al 10 demonstrated no protective effect of PKBs against lateral impacts. A study by Baker et al 2 showed little to no protective effect for the medial collateral ligament (MCL). By contrast, France and Paulos, 13 Hangalur et al, 17 and Paulos et al 31 found a protective effect for the ACL or MCL using cadaveric specimens or a mechanical surrogate limb. In several surveys and prospective studies, the long-term effect of bracing has been investigated in sports and for postoperative use after surgery. While postoperative studies showed explicitly that bracing has no positive effect in the long term after knee surgery, 9, 11, 18, 19, 22, 28, 29 survey studies about a potentially protective effect have strongly debated the issue. 33 A retrospective study of American football players could not support the thesis that prophylactic braces prevent injuries. 20 Indeed, bracing can even lead to an increasing incidence of ACL injuries or ankle and foot injuries in football teams. 15, 36, 44 A survey among elite Swedish ice hockey players also questioned the protective effect of the PKB. 43 By contrast, a survey study among off-road motorcycle riders by Sanders et al 37 and a study among skiers by Sterett et al 41 found fewer injuries among the study participants wearing a PKB.
In an in vivo study, Beynnon et al 6 implanted a Hall effect strain transducer in 13 participants and applied an anterior shear force to the knee joint. They found a stress-shielding effect of the PKB for low forces (<100 N) and a 5-NÁm internal moment. 6 Another in vivo study used video fluoroscopy to investigate the effect of bracing and found no difference between the braced and unbraced conditions in tibial translation. 21 Bing et al 7 found a decreased knee flexion angle in the braced knee for a stop-jump task and concluded that knee braces might prevent ACL injuries.
With contact, in sports such as American football, soccer, and ice hockey, impacts to the lower leg due to tackles are the main risk factors for injuries.
14 Therefore, the effect of impacts on the knee joint and possible protective effects of PKBs have been investigated by Baker et al 2 and Erickson et al. 10 Unfortunately, these studies only simulated lateral impacts at the height of the brace's hinge and their influence on ACL and/or MCL stress. Giza et al 14 reported that the force on the leg due to tackles does not only occur from the lateral direction but may also happen from the medial, anterior, or posterior directions.
To summarize, experimental studies and systematic reviews about the protective effect of bracing are controversial and incomplete. 28, 33 The question remains of whether a PKB has a protective effect against impacts from other directions than just the lateral that occur during contact sports. With the results of Paulos et al 32 and Hangalur et al 17 in mind, we hypothesized that bracing might be protective against any impacts from all sides.
METHODS
The ACL strain change and knee joint acceleration were obtained in 8 leg specimens (2 male, 6 female; mean age, 70 ± 12 years; Science Care) during lateral, medial, anterior, and posterior impacts. Based on the results of a similar study, 10 power analysis was performed with the type I error set to 5% and 80% power to calculate a sample size of 6, which was increased to 8 specimens because the standard deviation in this study might be greater. This study was approved by a local ethics committee.
Pilot Study and Preparation
In total, 10 human fresh-frozen specimens were used in this study. One specimen was used to test various implementation techniques for the sensors and to evaluate mounting in the testing rig as well as positioning of the impact cylinder. A second cadaveric knee was used in a preliminary test in which we examined the knee with impacts from medial, lateral, posterior, and anterior at 3 heights with knee flexion angles of 30 and 60 to determine the influence of the knee flexion angle on the test results. Because there were no significant differences in the ACL strain change or absorbed energy between 30 and 60 of knee flexion, we decided to perform the impact tests only with an angle of 30 to reduce the number of impacts and prevent the knee from degeneration.
The 8 remaining specimens were used for the main study. After thawing overnight, two 3-axis acceleration sensors (MPU9250; InvenSense) were implanted into the femur and tibia to determine acceleration within the joint (Figure 1) . Therefore, the skin was opened from the posterior, soft tissue was carefully dilated, and 2 boreholes with a diameter of 20 mm and a depth of 25 mm were drilled 30 mm above and below the intercondylar notch. The acceleration sensors were protected by custom-made, single-use casings made of polyoxymethylene that were cemented into the holes using plaster. The casings were designed to allow easy removal and reuse of the sensors after the tests. Care was taken to orient the sensors parallel to the axis of the joint coordinate system defined by Grood and Suntay 16 and at a reproducible distance of 60 mm from each other using a custom-made implanting tool. To achieve moderate stabilization in the knee joint, muscle flexors and extensors were simulated using 2 Bowden cables. One was pulled through the anterior and 1 pulled through the posterior thigh's soft tissue. To simulate the hamstring muscle, 1 steel wire was pulled through the corresponding Bowden cable and anchored approximately 10 mm below the tibial acceleration sensor with a wall anchor (DuoPower 4 Â 35 mm; Fischer). To simulate the quadriceps muscle, another cable was pulled through the anterior Bowden cable and crimped to a perforated metal plate. The quadriceps tendon was split longitudinally; the perforated plate was placed between and sewn into place using simple interrupted stitches that were threaded through the holes of the plate and the tendon (Figure 1) .
To determine the ACL strain change, a differential variable reluctance transducer (DVRT; M-DVRT-9; LORD MicroStrain) was used. Notchplasty was performed to implant the DVRT, while care was taken not to damage the ACL. The DVRT was pinned at the anteromedial bundle of the ACL and secured with cross-stitches to prevent DVRT slippage during impacts. During the insertion of the DVRT, the knee was held at 30 of flexion, and the ACL was carefully palpated to ensure that the DVRT was pinned in a prestrained section of the anteromedial bundle. After implanting the sensors and wire cables, the soft tissue was carefully returned into place, and the skin was closed. The femur and tibia were transected with a saw at a distance of approximately 450 mm from the joint space. To allow for potting, a total of 100 mm of soft tissue at the distal and proximal ends was removed, the skin was tied together, and the bones were embedded in a polymer based on methyl methacrylate (Technovit 3040; Kulzer). Two Schanz screws (Orthofix SRL) were drilled into the femur and tibia, respectively, to mount a coordinate system with retroreflective markers for the kinematic 3-dimensional (3D) analysis. The coordinate system was aligned parallel with the anatomic axis of the tibia and femur, as defined by Grood and Suntay, 16 using a lockable ball joint.
Test Setup and Procedure
The limb was mounted in a knee testing rig at 30 of flexion, and moderate muscle forces (quadriceps: 150 N; hamstring: 100 N) were applied ( Figure 2 ). This is equivalent to a ratio of 0.66, which was reported by Besier et al 3 to be the approximate co-contraction index. The proximal femur was mounted to a Cardan joint (universal joint), allowing flexion/extension and adduction/abduction and thus simulating the hip joint. The distal tibia was mounted to another Cardan joint, allowing flexion/extension, adduction/abduction, and internal/external tibial rotation and thus simulating the ankle. A pneumatic actuator (DNCI-63-300-PA; Festo) was used to accelerate a 2-kg weight to a velocity of 1 m/s, creating a reproducible and nondestructive 2 energy of 1 J at the point of impact. For this, a catapultlike test setup was developed: A lever arm was linearly accelerated by a pneumatic actuator and stopped 10 mm before the skin surface. Therefore, the weight, which was mounted on the lever arm with a linear bearing, shot onto the knee joint, creating the impact ( Figure 3 ). The weight was shot onto the limb from 4 directions (anterior, posterior, medial, and lateral) and at 3 heights (center of the joint line and 100 mm below and above it). Each experiment was conducted in a braced and unbraced condition, resulting in (1) were pulled through the soft tissue, with one of the cables anchored in the posterior tibia to simulate the hamstring muscle (6) and the other crimped to a perforated plate (2) and sewn to the quadriceps tendon to simulate the quadriceps. A borehole was drilled in both the posterior femoral and the tibial bones, and an acceleration sensor was cemented into each hole (3 and 5) . Notchplasty was performed, and the differential variable reluctance transducer strain sensor was pinned in the anteromedial bundle of the anterior cruciate ligament (4).
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Do Knee Braces Protect the Knee? 3 a total of (4 Â 3 Â 2) 24 impacts. After each impact, it was ensured that the soft tissue was not compromised. Three braces (4titude; DJO Global), sized small, medium, and large, were available for this study. The appropriate size of the brace was determined for each knee separately, and the corresponding brace was then fastened as described in the manual, while care was taken to fasten the Velcro strips consistently. For each impact, the femoral and tibial acceleration sensor signals were recorded as multiples of gravity (g) in the x, y, and z directions with 250 Hz and the ACL strain change with the DVRT with 1000 Hz. The movement of the markers on the coordinate systems attached to the femur and tibia was obtained with 240 Hz using nine 3D cameras (Prime 13; NaturalPoint).
After completion of the impact experiments, an internal and subsequently external tibial rotation moment of 5 NÁm was applied at 30 of flexion in the braced and unbraced conditions. Finally, the knees were moved to 60 of flexion, and the tests were repeated, leading to a total of 8 experiments. During these 8 tests, the ACL strain change and knee kinematics were recorded.
Data and Statistical Analyses
All data and statistical analyses were performed in Matlab R2017a (MathWorks). The data of both acceleration sensors required offset compensation because of gravity. The resulting acceleration a res of all 3 directions a x , a y , and a z was computed with a res ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
. The maximal acceleration induced by the impact was used for statistical analysis. For plausibility analysis, the acceleration vector was computed for every time step and visualized in a 3D plot ( Figure 4B ). (1) was mounted in the testing rig, and the weight (2) on the lever arm (3) was accelerated by the pneumatic actuator (4), creating a frontal impact 100 mm above the center of the joint line. The optical markers (5) were tracked with a 3-dimensional camera system (6).
The DVRT sensor was calibrated using a materials testing machine (Zwick). The resulting polynomial calibration curve was used to compute the ACL length between the 2 insertion points of the DVRT. The change in ACL strain was computed for the braced and unbraced knees,
Â 100, with l impact being the length of the DVRT during the impact in the braced and unbraced conditions, respectively, and l 0 being the DVRT length of the unloaded and unbraced knee. In both conditions, the strain change was computed with reference to the length of the DVRT in the unbraced condition and at 30 of flexion, similar to studies by Yasuda et al 45 and Erickson et al. 10 Thus, a positive strain change is equal to elongation of the ACL, and a negative value represents relaxation of the ACL relative to the unloaded and unbraced knee.
With the markers on the coordinate systems that were aligned with the knee axes, the angles were computed as described by Grood and Suntay. 16 For statistical analysis, the maximal angle change was used. A data set example of a lateral impact at the height of the center of the joint line is displayed in Figure 4 .
Statistical analysis was performed in Matlab with the built-in statistical toolbox. The data were pairwise analyzed with a nonparametric Mann-Whitney U test. P < .05 was considered statistically significant. The sample size was n ¼ 8 for every tested combination. All results are presented as the median with interquartile range.
RESULTS
Each of the 8 specimens was tested in all 32 loading scenarios, including 24 impacts and 8 rotational moments. The data were grouped by loading scenario and are displayed in Figures 5, 6 , and 7. All data are shown as the median and interquartile range.
Impacts
Acceleration recorded within the femoral and tibial bones indicates how much energy is transferred directly to the joint or otherwise is absorbed by soft tissue. This energy leads to a horizontal movement of the joint, impeded by ligaments and tendons stressed at the moment of impact. Therefore, a high acceleration indicates a high load on the knee and its structures. A 3D analysis of acceleration demonstrated that the main acceleration always occurred in the direction of the impact.
Lateral impacts induced a maximal acceleration within the femoral and tibial bones of 7.0g and 5.5g, respectively. It was significantly reduced by bracing to 3.1g and 3.2g, respectively (P ¼ .002 and P < .001, respectively). While bracing also significantly reduced acceleration within the bone for inferior impacts from 2.1g to 1.4g (femur) and from 2.7g to 1.7g (tibia) (P ¼ .038 and P ¼ .021, respectively), tibial acceleration induced by an impact superior to the tibia was significantly increased from 1.1g to 1.8g (P ¼ .015). ACL strain during lateral impacts was not significantly reduced for the braced condition. However, there was a tendency for bracing to reduce ACL strain for superior and inferior impacts. Kinematic analysis demonstrated no significant differences.
Medial superior impacts caused significantly increased femoral and tibial acceleration in the braced condition from 0.9g to 1.5g and from 0.8g to 1.4g, respectively (P ¼ .049 and P ¼ .021, respectively). Acceleration induced by medial impacts on the center of the joint line was significantly reduced from 4.1g to 1.9g (P ¼ .015) for the femoral sensor and from 4.6g to 1.9g (P ¼ .007) for the tibial sensor. An effect for inferior medial impacts could be detected. The ACL strain change was significantly reduced during superior impacts, from þ0.07% in the unbraced condition to À0.82% with the brace (P ¼ .019). The impacts caused adduction of between 1.6 and 2.5 . However, a significant effect of bracing on knee angles could not be detected.
The effect of anterior impacts on joint acceleration was not significantly different in the braced or unbraced condition, with 1 exception: The femoral sensor recorded significantly decreased acceleration for inferior impacts from 2.6g for the unbraced knee to 1.3g for the braced knee (P ¼ .029). There was a consistent trend toward a greater ACL strain change for all impacts in the braced condition (all P < .17). This effect was even statistically significant for inferior impacts, with an ACL strain change from À1.5% (unbraced) to 1.2% (braced) (P ¼ .028). The kinematics were unaffected by anterior impacts except for an inferior impact, which resulted in internal rotation of 1.6 and 1.5 in the unbraced and braced conditions, respectively.
Posterior impacts induced only small and nonsignificant acceleration at all 3 heights of impact (0.1g-1.1g). Posterior inferior impacts had the opposite effect on ACL strain compared with anterior inferior impacts. Additionally, the effect of bracing for posterior inferior impacts approached statistical significance (P ¼ .059): ACL strain was 0.32%
in °in °i n °0 Figure 5 . Results of all parameters for lateral and medial impacts of 1 J at the height of the center of the joint line and 100 mm above and below at 30 of flexion. Green indicates the unbraced condition and blue the braced condition. Acceleration within the bone was reduced in some cases, whereas the effect on the anterior cruciate ligament strain change was only significant for high medial impacts. Bracing did not influence kinematics. Data are displayed as the median and interquartile range. *P < .05.
without a brace and -0.11% with a brace. The posterior drawer mechanism consequently led to external rotation of 1.6 and 1.3 in the unbraced and braced conditions, respectively.
Tibial Moments
There was no significant effect of bracing on the ACL strain change or kinematics for internal or external moments because of considerable variation of the data. Even so, Figure 7 illustrates that the flexion angle of the knee influences the effect of internal and external moments on the ACL strain change: for example, À1.6% versus À0.3% for the braced knee with external moments in 30 or 60 of flexion. Additionally, the ACL was relaxed under external moments and stressed under internal moments. However, the magnitude of tibial rotation under internal/ external moments was influenced by neither the brace nor the flexion angle.
DISCUSSION
Prophylactic knee braces are designed to protect the joint during contact and noncontact sports in which rapid cutting maneuvers and player-to-player contact lead to various loading scenarios affecting the knee. To answer the question of whether knee braces can protect the knee during these inconsistent conditions, we extensively tested the effect of lateral, medial, anterior, and posterior impacts at the height of the center of the joint line and 100 mm inferior and superior, as well as under internal and external moments. As outcome parameters, the ACL strain change and joint acceleration were recorded. The use of acceleration sensors within the bone is novel in this context and extends the data analysis by a new outcome parameter compared with similar studies. 2, 4, 6, 12, 31 The acceleration sensors provided reproducible and reliable results, whereas the observed effects on ACL strain were rather limited. This can be explained by the subcritical impact
in °in °i n °0 Figure 6 . Results of all parameters for anterior and posterior impacts of 1 J at the height of the center of the joint line and 100 mm above and below at 30 of flexion. Green indicates the unbraced condition and blue the braced condition. Acceleration within the bone was only reduced for low anterior impacts. The anterior cruciate ligament strain change was increased for low anterior impacts on the shin. Bracing did not influence kinematics. Data are displayed as the median and interquartile range. *P < .05.
energy of 1 J and the stabilizing effect of muscle forces, both of which caused strain in the ACL to change only slightly. Even so, our results indicate trends and demonstrate that there is no simple answer to the research question of whether prophylactic braces actually do protect the knee during sports. Thus, our hypothesis that a brace protects the knee against impacts from any direction has to be partly accepted.
The PKB tends to reduce acceleration within the femoral and tibial bones. Therefore, the structures of the knee are less stressed as the magnitude of horizontal tibial movement relative to the femur is reduced. Only for superior impacts is acceleration greater in the braced condition for lateral and medial impacts, which might be explained by a shock-transmitting effect of the brace to the center of the knee.
Our results indicate that for lateral and medial impacts, bracing tends to reduce ACL strain. These findings are in agreement with a study by Paulos et al, 31 who found a mean reduction of the ACL peak load of 38.9% for lateral impacts in the braced condition. In their study, an overcritical impact with 60 J (270-lb impact mass with 2.18 mph) was induced at the center of the joint line of a surrogate limb model. Differences in the models (cadaveric limb vs mechanical surrogate) and testing conditions make comparisons difficult between the Paulos et al 31 study and ours. Another study, by Erickson et al, 10 found a reduction of impact force for braced knees during lateral impacts but no significant protective effect for ACL strain.
Our finding that bracing increases ACL strain for anterior impacts is contrary to an in vivo study by Fleming et al, 12 who found a significant reduction of ACL strain for anterior shear loads in patients undergoing arthroscopic surgery under nonweightbearing and weightbearing conditions. The larger ACL strain change in the braced condition might be explained by the mechanical coupling effect of the brace: In the unbraced condition, an anterior impact leads to posterior translation of the tibia relative to the femur. In the braced condition, mechanical coupling between the thigh and shank possibly reduced or even prevented the posterior tibial shift. Additionally, as the kinematic chain was closed in our test setup, the anterior impact induced an extension torque on the knee, possibly having the same effect on the ACL as a knee extension movement, which has been shown to increase ACL strain. 5 When comparing the acceleration of anterior and posterior impacts, it is noticeable that the posterior impacts had only a limited effect on the ACL as well as on acceleration. This can be explained by the soft tissue (hamstring, gastrocnemius, adipose tissue) that apparently absorbs most of the impact energy, whereas an inferior impact from the anterior more or less directly hits the bone.
Kinematic analysis showed no effect of bracing on kinematics for subcritical impacts for all 12 combinations of impact directions and heights. These findings extend those of Baker et al, 2 who reported no change in external tibial rotation of the braced or unbraced knee at 20 of flexion for lateral impacts.
In the present study, bracing slightly and nonsignificantly increased the median strain change for 5-NÁm internal moments and did not significantly decrease the strain change for external moments. Therefore, bracing had no significant effect on ACL strain in the knee with moderate muscle forces applied for internal and external torques of 5 NÁm. These findings are in agreement with the abovementioned study by Fleming et al, 12 who also found no significant reduction with bracing in the weightbearing knee. Only in the nonweightbearing knee with applied internal torque did they find a significant reduction of ACL strain when braced. Therefore, compressing the knee, by applying bodyweight and/or muscle forces, might have the same protective effect on the ACL against internal/external torques as bracing. Furthermore, our result that the amplitude of tibial rotation under internal and external torques is unchanged for the unbraced and braced conditions underlines the nonprotective effect of bracing on ACL strain versus subcritical torques. It can be assumed that soft tissue displacement counters the stabilizing effect of a brace.
As with similar in vitro studies, this study has some limitations. Although we carefully implanted the DVRT sensor and secured it with additional cross-stitches to prevent sensor slippage, the large interquartile range of the results of some conditions is conspicuous. One explanation is probably the complex inhomogeneous strain pattern of the filaments of the anteromedial bundle that makes it difficult to place the strain sensor in exactly the same segment of the bundle in each specimen.
The use of only 1 PKB type by 1 manufacturer is another limitation of this study. However, the overall design of the PKBs with regard to strapping, the hinge mechanism, and padding is similar throughout various manufacturers, so this influence can be assumed to be rather limited. Additionally, even though we used braces in 3 sizes (small, medium, or large) to ensure the best fit of the brace, small variations in strap tensioning and application of the brace to a cadaveric limb with dead muscles might have led to a higher variance in the data. Additionally, it has been documented that women are more prone to ACL tears during sports than men. 40 As there were more female than male specimens in this study (ratio, 3:1), the actual effect of impacts might be smaller for male athletes.
CONCLUSION
The effect of bracing depends on the direction and height of the impact and is partly positive, negative, or neutral. Bracing might be beneficial in contact sports with many lateral or medial impacts, whereas sports with rotational moments on the knee or anterior impacts might be safer without a brace. With this being said, simply to protect from impacts, knee pads or padding that helps absorb impact energy may be more beneficial.
